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Highlights
A new emerging pool of gas-exchange
data from mosses to angiosperms is
widening our knowledge about photo-
synthesis across the land plant groups.

More basal groups achieve lower photo-
synthetic benefits per leaf mass area
(LMA) and/or N content compared with
angiosperms, likely due to a differential
resource investment that could indicate
some trade-offs between maximizing
photosynthesis and stress tolerance
strategies.
Until recently, few data were available on photosynthesis and its underlying
mechanistically limiting factors in plants, other than crops and model species.
Currently, a new large pool of data from extant representatives of basal terrestrial
plant groups is emerging, allowing exploration of how photosynthetic capacity
(Amax) increases from minimum values in bryophytes to maximum in tracheo-
phytes, which is associated to an optimization of the balance between its limiting
factors. From predominant mesophyll conductance limitation (lm) in bryophytes
and lycophytes (fern allies) to stomatal conductance (ls) and lm colimitation in
pteridophytes (ferns) and gymnosperms, a balanced colimitation by the three
limitations is finally reached in angiosperms. We discuss the implications
of this new knowledge for future biotechnological attempts to improve crop
photosynthesis.
Photosynthetic capacity increases along
the phylogenetic continuum, reaching
its maximum in angiosperms, based on
a balanced colimitation among its diffu-
sional and biochemical determinants,
which questions the possibility of improv-
ing crop maximum photosynthetic
capacity beyond its current limits.
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Terrestrial Photosynthesis: An Ongoing Ancient Story
Photosynthesis is the basis of life on Earth. As such, together with respiration, it is the primary
process leading to plant growth and crop yields. Improving photosynthesis to achieve higher
and/or more resource-use-efficient crop yields has been the subject of several large scale
projects, including the C4-rice project (https://c4rice.com/) and realizing increased photosyn-
thetic efficiency (RIPE; http://ripe.illinois.edu/).

In C3 plants, which represent the vast majority of plants, photosynthesis has long been consid-
ered to be limited either by CO2 diffusion (regulated by stomatal aperture/closure) or by CO2

fixation, which depends on the functioning of leaf photochemistry and/or photosynthetic
enzymes [1]. However, it is now well established that a third major factor plays a key role:
mesophyll conductance to CO2 diffusion (gm), that is, the facility of diffusion from the
substomatal cavities to the sites of carboxylation inside chloroplast stroma (see [2] for a
description and critical appraisal of methods to estimate gm and [3] for a recent review of the
variability of gm and the factors influencing it). Therefore, it is nowadays considered that photo-
synthesis can be limited by three major factors, which can be assessed in a quantitative manner
[4]: stomatal, mesophyll conductance, and biochemical/photochemical limitations (Box 1).
However, until recently, few data were available on both the photosynthetic capacity (i.e., the
light-saturated net photosynthesis rate, Amax) and its underlying mechanistically limiting factors
in plants other than angiosperms, including crops and model species. Nowadays, a large pool
of data from extant species of the major clades of terrestrial plants is emerging, allowing the
exploration of how Amax and its limitations vary across the land plant phylogeny, from mosses
and liverworts to tracheophytes (i.e., fern allies, ferns, gymnosperms, and angiosperms). This
information, and the knowledge of the mechanisms behind each limitation, may help in under-
standing the extent to which photosynthetic capacity improvement in crops can be expected
and which are the key factors to achieve it.
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Filling the Gap: What Limits Photosynthesis across the Land Plant Phylogeny?
To answer this question, we compiled gas-exchange and chlorophyll fluorescence data from
several papers (detailed information in Table S1 in the supplemental information online) in which
Amax and the other gas-exchange parameters weremeasured in different plant species belonging
to diverse phylogenetic groups, in healthy and nonstressed individuals, at saturating light,
ca. 400 mmol CO2 mol–1 air and temperatures ranging from 23 to 25°C. As was previously
anticipated [15], after filling the gaps for mosses [16], ferns allies [16–18], ferns [17,19], and gym-
nosperms [18,20–22], a phylogenetic trend for Amax emerged among land plants. The lowest
Amax occurred in mosses and liverworts and largest Amax in angiosperms, with intermediate
values in fern allies, ferns, and gymnosperms (Figure 1A). This phylogenetic continuum has impli-
cations for the leaf economics spectrum (LES) [23] (i.e., the relationship between photosynthetic
capacity and other leaf traits) (Box 2).

Besides the phylogenetic trends in Amax and LES, another phylogenetic trend is observed for
photosynthetic limitations, from predominant mesophyll conductance limitation (lm) in mosses,
liverworts, and fern allies to stomatal conductance (ls) and lm colimitation in ferns and
gymnosperms, finally reaching a balanced colimitation by ls, lm, and biochemical limitations (lb)
Box 1. Photosynthesis Limitations: The Power of Three

In gas-exchange studies and since the introduction of the leaf photosynthesis model of Farquhar-von Caemmerer-Berry
(FvCB) [5], photosynthesis was commonly viewed as limited merely by two factors: stomata-driven CO2 diffusion versus
photochemistry and/or photosynthetic biochemistry. This essentially means that, although stomatal conductance (gs) and
the rates of photochemistry and/or photosynthetic biochemistry [i.e., the electron transport rate (ETR) in the thylakoids,
the maximum carboxylation rate by Rubisco (Vc,max), and RuBP regeneration in the Calvin cycle] are all finite, only three
limiting conditions are possible: only one or the other factor are the most limiting at any time, or the two factors equally
colimit. This is illustrated by the ‘Greek temple column’ diagram analogy (Figure IA), where the roof indicates the height
of the total limitation and the two columns indicate the partial limitations, with the tallest column always being the one
which sets the upper height of the roof (i.e., total limitation). However, many reports suggested discrepancies between
the two (separately analyzed) limitations and the observed rate of photosynthesis, which is illustrated by the unbalanced
inclined roof and the adjacent question mark in Figure IA. For instance, when stomatal limitations were assessed by gas
exchange and carboxylation limitations by the biochemically determined Rubisco activity, the resulting total limitation
under water stress was lower than the observed decline of Amax [6,7]. These discrepancies suggested that an additional
limiting factor could be involved.

Early works, prior to the FvCBmodel, already proposed the nature of the third limitation (i.e., the CO2 diffusion through the
mesophyll, from the substomatal cavities to the carboxylation sites in chloroplasts stroma) [8]. In the 1970s, the so-called
mesophyll conductance for CO2 (gm) was often estimated, yet the methods used had some fundamental misconceptions
[9–12]. Since the broad adoption of the FvCB model [5], it was often assumed that gm was large and constant, and
thus the chloroplast CO2 concentration (Cc) was considered to be equal to the concentration in substomatal cavities
(Ci). However, thanks to new methods based on combined measurements of 13C-discrimination and gas exchange
during photosynthesis [13] or chlorophyll fluorescence and gas exchange [14], which were introduced in the late
1980s, this assumption was challenged. Now there is ample evidence demonstrating that Cc is significantly lower than
Ci and that gm is finite and variable, imposing a significant limitation to photosynthesis of similar magnitude to those
imposed by gs and the rates of photo/biochemistry. Thus, the current view is that photosynthesis can be limited by three
factors, which implies scaling regulatory complexity from themere three limiting combinations described for the two-factor
model to up to seven combinations for the three-factor one: a colimitation by the three factors, three different combina-
tions of colimitation by just two of the factors; and another three combinations for single-factor limitation, as one factor
alone can lead to unincreased Amax even if the other two limitations are reduced. This is illustrated as the stability of the
roof, even with a single limitation, in Figure IB.

Thus, the regulation of Amax is complex, as it involves diffusion of CO2 from the stomata pores, through the substomatal
cavities and intercellular air spaces, cell walls, plasma membrane, cytosol, chloroplast membrane, and stroma, and finally
fixation by Rubisco in coordination with all the photochemical and biochemical processes (Figure IC).

Using the photosynthesis limitationmodel established by Grassi andMagnani [4], frommeasurements of Amax, gs, gm, and
either ETR or Vc,max, it is possible to estimate the percentage of each relative limitation (stomatal, ls; mesophyll, lm; and
biochemical, lb limitations) to photosynthesis [4].
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Figure I. The Power of Three: Photosynthetical Capacity (Amax) Regulation. Photosynthesis was classically
considered as limited, either by the limitation imposed by stomata closure [i.e., the stomatal limitation (ls)] or by that im-
posed by insufficient function of leaf biochemistry (Rubisco) and/or photochemistry (thylakoid electron transport)
[i.e., the globally called biochemical limitation (lb)] (A). This is illustrated as a ‘Greek temple’, with the stomata (L1) and
the combined Rubisco–PSII complex proteins (L2) as the ‘columns’ supporting the ‘roof’ (total photosynthesis limitation)
(PL). The regulation of total photosynthesis limitation is simple in this model: either one factor (i.e., one partial limitation) or
the other limits Amax the most, or the two factors colimit in a balanced manner. However, it is currently known that a third
‘column’, the mesophyll conductance limitation (lm)(L3), is an essential limitation to photosynthesis (B). This changes
the regulation of total photosynthesis limitation to a much more complex scenario: each one of the three factors can
limit photosynthesis the most, or three different combinations of two factors can colimit, or the three factors can colimit
photosynthesis in a balanced manner. The complex nature of Amax regulation is shown in (C) as a leaf cross-section
integrating a diagram of the CO2 and H2O diffusion pathways and the final CO2 assimilation by photobiochemistry:
Abbreviations:Ca, ambient CO2 concentration;Cc, CO2 concentration at the site of Rubisco carboxylation within the chlo-
roplast stroma; Ci, CO2 concentration at the substomatal cavities; gs, stomatal conductance; gm, mesophyll conduc-
tance; Rubisco, employed here to illustrate all photobiochemical reactions needed for carboxylation; and Wi and Wa,
the concentrations of water vapor in the substomatal cavity and the atmosphere, respectively.
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Trend
in angiosperms (Figure 1B). Recalling the ‘Greek temple analogy’ of Box 1, one can now imagine
the limitation bars in Figure 1B as the ‘columns’ and imagine the position of the ‘roof’; it becomes
apparent that only the lm column supports the roof in all plant groups, while the other limitations
cosupport it in some of the groups. Thus, optimization of Amax along the land plant’s phylogeny
is tightly driven by changes in nonstomatal diffusional limitations, particularly in the mesophyll,
that appear as a major factor in all of the groups evaluated.

Prospects for Understanding the Nature of Nonstomatal Diffusional Limitations
Mesophyll conductance importantly limits photosynthesis in the extant representatives of bryo-
phytes and fern allies and colimits with other factors in ferns, gymnosperms, and angiosperms.
Indeed, it is a complex trait that is likely determined by both biochemical and anatomical features.
It has been suggested that it is dynamically regulated by aquaporins [29–33] and carbonic
anhydrases [34–38], it responds to external (e.g., water stress, temperature, or CO2) and internal
s in Plant Science, Month 2019, Vol. xx, No. xx 3



Box 2. Leaf Economics Spectrum across Phylogeny: More for Less?

Wright and coworkers [23] established several ‘universal’ trade-offs among leaf traits, which were collectively defined as the ‘leaf economics spectrum’ (LES). However,
their dataset was largely dominated by angiosperms, including only a few fern and gymnosperm species and no mosses, liverworts, or fern allies. From the current
available data for different phylogenetic groups, both a negative correlation between mass-based photosynthesis and leaf mass area (LMA) and a positive correlation
between mass-based photosynthesis and nitrogen content were observed [16] (Figure I). While slopes are common for all groups for both relationships, the intercepts
differ for both relationships along the phylogenetic continuum, so that the more basal a group is along the phylogeny, the less photosynthetic benefit it has per unit LMA
or N [16].

Whatever the possible adaptive significance, the different intercepts may have a physiological meaning. On one hand, the fact that extant representatives of most basal
phylogenetic groups have less photosynthesis per unit LMA suggests that a larger fraction of their leaf mass is devoted to nonphotosynthetic structures. On the other
hand, they have less photosynthesis per unit N, suggesting that they devote a larger fraction of their nitrogen to nonphotosynthetic elements such as, for example, cell
walls. Likewise, the fact that ferns are positioned with angiosperms in this relationship is intriguing and could perhaps be due to the fact they showed a notable different
cell wall composition [27] (Box 3), so maybe the elemental chemistry of their structural components is different and requires less nitrogen. Both observations suggest an
increasing role of mesophyll conductance limitations from the modern to the most basal groups of the land plant phylogeny [28], which can be assessed by the limitation
analysis mentioned in Box 1 [4].

TrendsTrends inin PlantPlant ScienceScience

Figure I. Photosynthesis and Leaf Economics Spectrum: More for Less? Trait relationships between log Amass and log leaf mass area (LMA) (A), and log
Amass versus log N (B) across plant groups: mosses and liverworts (n = 31 for A, 32 for B), fern allies (n = 6 for both subplots), ferns (n = 37 for both subplots),
gymnosperms (n = 90 for A, 95 for B), and angiosperms (n = 727 for A, 665 for B). Data (dots) are not shown for clarity. Lines indicate the linear function for
each group. Data are compiled from several articles [14–16,19,21]. In the case of mosses, canopy mass area is considered instead of LMA for the leaf
economics spectrum relationships, since moss canopy has been hypothesized [24] and later confirmed [16,25,26] to be analogous to the tracheophyte leaf.
Common slopes were tested using a likelihood ratio test and intercepts by calculating the Wald statistic across groups [standardized major axis (SMA)];
different letters mean statistical differences per group at P b 0.05. SMA statistics can be found in Table S3 in the supplemental information online.

Trends in Plant Science
(e.g., abscisic acid) factors [39–44], and shows a complex dependency on metabolic pathways
driving some of the previous mentioned traits in leaves [45]. Also, the maximum gm for a given
species strongly depends on several leaf anatomical characteristics in vascular plants, especially
on mesophyll cell wall thickness (CWT) and the total chloroplast surface area exposed to meso-
phyll intercellular air spaces (Sc/S) per leaf area (or exposed to ambient air in mosses because
they do not present intercellular airspaces), which in turn depends on the number, size, and
distribution of chloroplasts. These traits largely explain the variations of gm among plant species
and growth forms [46–51]. Although mesophyll conductance can be now better represented
with recent 3D leaf models [52], current available anatomical data only allow for the construction
of a 1D analytical model for gm, using CWT, Sc/S, and other measured anatomical traits as the
main inputs [49,51]. The values of gm modeled using this anatomical model are fully independent
of estimates made by combined gas exchange and chlorophyll fluorescence or isotope discrim-
ination, but still the two values strongly correlate when comparing different species under
4 Trends in Plant Science, Month 2019, Vol. xx, No. xx
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Figure 1. Net Photosynthesis (Amax) and its Physiological and Biochemical Limitations along the Land Plant Groups. (A) Boxplots of net assimilation (Amax)
across plant groups: mosses and liverworts (n = 32), fern allies (n = 6), ferns (n = 37), gymnosperms (n = 90), and angiosperms (n = 783), data were compiled from
several papers [14–16,19,21]. (B) Boxplots of relative stomatal (ls), mesophyll (lm), and biochemical (lb) photosynthesis limitations in mosses and liverworts (n = 11),
fern allies (n = 5), ferns (n = 41), gymnosperms (n = 15), and angiosperms (n = 70). Notice the absence of stomatal limitations in mosses and liverworts, this is
because they are most often found in their gametophyte stage, which lacks stomata. The employed dataset and references are shown in Table S1 in the
supplemental information online and in open repository figshare (https://figshare.com/search?q=10.6084%2Fm9.figshare.8378297&searchMode=1). The two extreme
lines of the boxplot (whiskers) show the 5% and 95% percentiles, the two bounds of the box the 25% and 75% percentiles, and the center thick line the median. Dots
represent data out of the shown percentiles.

Trends in Plant Science
nonstress conditions [50]. This confirms the importance of anatomy in setting gm. Recent studies
suggest that the anatomy of photosynthetic tissues also explains most of the differences in
gm among phylogenetic groups [16–19,28,53]. Thus, using the data available for quantitative
anatomical traits of photosynthetic tissues in extant species, the emerging picture displays a
phylogenetic trend towards decreasing CWT and increasing Sc/S (Figure 2).
Trends in Plant Science, Month 2019, Vol. xx, No. xx 5
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The two anatomical characteristics that constrain gm the most, CWT and Sc/S, are negatively
related to one another along the phylogeny (Figure 2), but also when comparing different species
within a genus or genotypes within a species [53,54]. This observation is intriguing as the cytolog-
ical and molecular drivers of cell wall construction and chloroplast differentiation and positioning
during cell and tissue development are quite independent. Chloroplasts arise from plastids and
they are positioned by actin filaments of the cytoskeleton. By contrast, Golgi bodies, endoplasmic
reticulum, and microtubules are concerned with the organization and synthesis of materials that
are incorporated into the cell walls [55]. Yet, despite their apparently independent origins, cell
walls and chloroplasts are developed and positioned in a manner such that CWT and Sc/S
negatively correlate, which suggests a possible coordination during leaf development that
deserves future studies. Regardless of the causes for covariation, this is an example of how the
photosynthetic organelles have been able to optimize their design to maximize the use of CO2
TrendsTrends inin PlantPlant ScienceScience

Figure 2. Anatomical Transec
of the Chloroplast Surface Area
Exposed to the Intercellular Ai
Spaces per Leaf Area (Sc/S) and
Cell Wall Thickness (CWT) across
Land Plant Groups. Chloroplas
surface area exposed to intercellular ai
spaces per leaf area (Sc/S (A) and
mesophyll cell wall thickness (CWT (B
for mosses and liverworts (n = 20 fo
Sc/S, 20 for CWT), fern allies (n = 5, 6)
ferns (n = 35, 37), gymnosperms
(n = 16, 17), and angiosperms (n = 159
132). The two extreme lines of the
boxplot (whiskers) show the 5% and
95% percentiles, the two bounds o
the box the 25% and 75% percentiles
and the center thick line the median
Dots represent data out of the shown
percentiles. Data and references
can be found in Table S2 in the
supplemental information online and
in open repository figshare (https:/
figshare.com/search?q=10.6084%2Fm9
figshare.8378297&searchMode=1).
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for photosynthesis. This resembles other anatomical phylogenetic patterns suggested to opti-
mize both carbon and water supply in the photosynthetic organs, like the tight correlation
between hydraulic and stomatal conductances (Kleaf and gs, respectively). Higher Kleaf and gs,
which allow the optimization of transpiration, have been possible by concomitantly increasing
vein and stomatal density and miniaturizing both veins and stomata, which was mostly or partially
driven by a decrease in cell size and genome size [56–62]. Thus, although little is known about
how CWT and Sc/S concomitant changes are mediated through phylogeny, it is possible that
they could also be associated with cell size changes [48,63].

In addition to the developmental events required to establish chloroplast number, size, and
position, it is important to consider that chloroplasts can move dynamically. However, it is mostly
unknown how thesemovements may affect Sc/S in coordination with gm. Only one study showed
that the ‘light avoidance’ chloroplast response decreased gm in Arabidopsis thaliana and this
effect was not observed in phot2 mutants lacking chloroplast movements [64]. However, it has
been recently demonstrated that rapid changes of gm in response to light, CO2, or temperature
are not associated with changes in Sc/S and therefore it is likely that they do not involve chloro-
plast movements [65,66].

In addition, it is widely accepted that the plant cell wall cannot be considered a static structure, but
rather a dynamic element that plays a critical role in the growth and phenological stages of the
plants, aswell as rapidly interacting with the environment in response to biological attacks or abiotic
stresses [67–71]. Concerning the diffusive properties of the cell walls, it is assumed that the pore
sizes are large enough to freely facilitate the diffusion of CO2 through them [72–74], however cell
wall composition and its biochemical properties could change rapidly in response to stress condi-
tions and could potentially affect their interactions with CO2 diffusion [70,75] (Box 3).

Reduced Mesophyll Conductance Limitations Lead to Maximized
Photosynthetic Capacity in Angiosperms
Besides the mechanisms setting gm and its regulation, what appears is that its dominant role as a
limiting factor for photosynthetic capacity has decreased along the land plant’s phylogeny and
that, in angiosperms in general and in herbaceous crops in particular [84], photosynthesis is
already maximized and limited in a very well balanced manner by the three limitations (Figure 1B).
This is illustrated graphically in Figure 3, which shows the ratio between the diffusive (ld, the sum
of stomatal and mesophyll limitations) and the biochemical limitations along the land plant phylog-
eny. Mosses, liverworts, fern allies, ferns, and gymnosperms showed low Amax and gm values re-
lated to higher ld/lb ratio, however angiosperms showed higher Amax and gm associated with a
more even balance between diffusive and biochemical limitations (ld/lb). Interestingly, elevated
values for Amax (N20 μmol CO2 m

–2 s–1) and gm (N0.2 mol CO2 m
–2 s–1) are found only within the

angiosperms and most of them do not exceed a balanced colimitation between the three limita-
tions (unbroken line, ls = 0.3, lm = 0.3, and lb = 0.3). Indeed, many species show a balanced behav-
ior between diffusive and biochemical limitations (ls + lm = 0.5 and lb = 0.5, broken line) (Figure 3).
A more balanced photosynthesis limitation requires higher gs as gm increases. Angiosperms
have indeed increased gs through changes in stomatal size and arrangement [59] and vein density
[58,61,85]. These changes are necessarily linked to leaf hydraulics in order to cope with increased
transpiration [60,86]. Furthermore, leaf hydraulic conductance (Kleaf), specifically its extra-xylem
component (Kox), and gm may also be directly related by a common diffusion pathway for H2O
and CO2 through the mesophyll apoplast [54,87].

Altogether, coregulation of leaf hydraulics and gas-exchange traits as photosynthesis and stoma-
tal and mesophyll conductances has been described in vascular plants [22,86,87]. Coordination
Trends in Plant Science, Month 2019, Vol. xx, No. xx 7



Box 3. Cell Wall Biochemistry: A Previously Neglected Key Factor?

There are many ways by which cell wall composition can potentially affect CO2 diffusion, although they have been scarcely
investigated. For instance, the protonation or ionization of chemical groups in polysaccharides and proteins present in the
cell wall would alter the pH, which may, in turn, affect porosity and tortuosity [48]. Moreover, the apoplast acts as a signal-
ing bridge between the environment and the symplast [76], where several enzymes (expansins, peroxidases, hydrolases,
transferases, methylesterases, etc.), that can be activated in response to stress, are responsible for the rapid modification
of noncellulosic sugar contents (rhamnose, arabinose, xylose, galactose, and galacturonic acid), changing the conforma-
tion and complexity of the cell walls [61,63,64]. Interestingly, changes in some cell wall-related metabolites were specifi-
cally linked to gm in a recent multispecies modeling approach, indicating that cell wall structure and composition could
significantly affect photosynthesis [45].

Cell wall structure and composition have evolved from algae to higher plants, with important differences in themain cell wall
components frommosses to ferns, gymnosperms, and angiosperms [27,77]. All groups possess cellulose microfibrils, but
in non-grass angiosperms high quantities of hemicelluloses [as fucoside xyloglucans (XG)], pectins [homogalacturonans
(HG), rhamnogalacturonan (RG)], and lignins (guaiacyl and syringil units) are observed, while grasses instead display higher
amounts of mixed-linkage glucans. Cell wall composition in gymnosperms is similar to non-grass angiosperms but with
higher quantities of glucomannans and lignins (although just guaiacyl units). In leptosporangiate ferns, cell walls display
higher quantities of xylans, mannans, uronic acids, and lignins but lower amounts of XGs, HGs, and RGs, while in
eusporangiate ferns and mosses xylans and lignins are absent but other phenolic compounds are present, and another
important aspect is that primary and secondary cell walls cannot be differentiated in these groups ([78] and references
therein).

Current knowledge does not permit us to establish precise mechanistic links between cell wall thickness, structure,
composition, andCO2 diffusion throughmesophyll cells to the chloroplast carboxylation sites. However, it has been shown
recently that rice mutants with disruptions in cell wall mixed-linkage glucan production have a significantly reduced gm [79].
Other cell wall components facing the internal side of the pores could potentially affect the physicochemical interactions
with the CO2. For instance, thanks to the activity of apoplastic peroxidases, some cell wall polymers can behave as hydro-
colloids that could link phenolic compounds through oxidative crossreactions within cell walls, improving water holding
capacities under drought stress [80–82]. Whether reduced water movement can result in reduced diffusion of water-
diluted CO2 has, as yet, not been proven. However, a consistent negative relationship between photosynthesis and the
concentration of leaf phenolic compounds was recently reported across a range of different species [83]. That said,
additional research efforts are clearly needed for a better understanding of the mechanistic basis of coregulation of cell wall
thickness and chloroplast distribution and positioning and how the cell wall composition affects CO2 diffusion.

Trends in Plant Science
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between Kleaf and Amax in nonvascular plants has only been shown in [86] with a Polytrichum that
has functional water conducting tissues, but there are few moss species that possess it, so it is
difficult to generalize for all bryophytes. Further studies should demonstrate if this coordination
is present across the entire terrestrial plant phylogeny.

The tight colimitation by the three factors in angiosperms implies that it might be difficult to
improve leaf-based maximum light-saturated photosynthesis rates in future crops [88], as
improving any of the three limiting factorswould immediately render the other two as themost lim-
iting, thus achieving little improvement in the overall photosynthesis rate (see the three-column
analogy in Box 1). Certainly, in nature, most of the realized photosynthesis is not performed
under conditions favoring the maximum rate (i.e., Amax). However, improving Amax has been
and continues to be a long-term goal for improving crop productivity [89] because of its
nonnegligible role in crops, which typically have canopies designed to optimize light capture,
for example, in minimizing auto-shading. For instance, in grapevines the small fraction of leaves
exposed to saturated light along the whole day has been shown to contribute to more than half
of the total daily canopy assimilation [90]. In this sense, although improving stomatal conductance
is feasible in many ways, it results in limited improvements of photosynthesis at the expense of
reduced water use efficiency [91,92]. In turn, increasing photosynthesis by improving Rubisco
has not been achieved yet, but is a goal envisaged as feasible for the next decade or so [93,
94]. Interestingly, alternative photorespiratory pathways for glycolate metabolism (a toxic by-
product of RuBP Rubisco oxygenation through photorespiration) showed that it is possible to
reduce the costs of this process, improving growth and productivity in tobacco plants at field



Outstanding Questions
A strong coordination among
stomatal, mesophyll conductance,
and biochemical limitations drive
maximal photosynthetic capacities in
angiosperms; to what extent does
this require optimization of hydraulic
(xylem and phloem) properties?

Can light-saturated maximum photo-
synthesis be improved in a simple
manner? Photosynthesis is a complex
process driven by several physiological
factors, hence, is it possible to increase
it by improving one of these factors
alone?

Is there a trade-off between photo-
synthesis and stress tolerance?
Along the land plant phylogeny, a
differential resource investment into
photosynthetical traits can be ob-
served from mosses to angiosperms,
yet the reason for this remains
obscure; thus, does maximizing
photosynthesis impose penalties to
the stress tolerance trait investment?

TrendsTrends inin PlantPlant ScienceScience

Figure 3. Diffusive and Biochemical Limitation Balance in Relationship to Photosynthesis and Mesophyl
Conductance through Land Plant Phylogeny. Relationship between gas exchange parameters and photosynthesis
relative limitations across plant groups. The ratio of diffusive (ld; the sum of stomatal and mesophyll limitations) and
biochemical limitations (ld/lb) against net assimilation (Amax) (A) and mesophyll conductance to CO2 (gm) (B). Broken lines
show that the diffusive (the sum of stomatal and mesophyll) and biochemical limitations are equal, the continuous lines show
that the three limitations are equal. Data and references can be found in Table S1 in the supplemental information online
and in the open repository figshare (https://figshare.com/search?q=10.6084%2Fm9.figshare.8378297&searchMode=1).
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conditions [95]. Instead, improving gm seems more complicated, despite success following the
overexpression of some aquaporins [32,33], because of its very complex nature, which implies
that it is not only a highly ‘multigenic trait’, but also a trait for which most of the potentially impli-
cated genes are unknown. Therefore, improving gs together with Rubisco seems achievable in
the short term, yet both theoretical modeling and empirical evidence suggests that (without
simultaneously improving gm) this would somehow resemble going back through the phylogeny,
(i.e., recovering a dominant mesophyll conductance limitation that may severely limit further
improvements of photosynthesis rate). While significantly improving gm seems a more long-
term goal, the analysis of Arabidopsismutants with different anatomical characteristics suggests
that it might be possible [96] and stomatal mutants prove that this could be achieved without
simultaneously increasing gs, thus resulting in improved water-use efficiency [97].

Additionally, gm and photosynthesis could be improved in nonleaf green organs of angiosperms
to increase whole plant photosynthesis, as it has been recently found in cotton, while photosyn-
thesis in leaves is mostly colimited by the three limitations; in bracts it is largely limited by gm (i.e.,
like in the most basal phylogenetic groups) [98]. To advance in this direction, a renewed effort is
needed to study the mechanisms underlying gm, from the gene to metabolite scales.

Concluding Remarks and Future Perspectives
Just recently, an important pool of data on photosynthetic limitations has become available for
different species across the entire land plant phylogeny. From these, a pattern emerges in extant
plant groups from a predominant mesophyll conductance limitation in bryophytes to a well-
balanced colimitation by stomatal conductance, mesophyll conductance, and leaf biochemis-
try/photochemistry in angiosperms. This transition is due, at least in part, to a concomitant
transition in some anatomical traits, notably decreasing CWT and increasing the chloroplast
in Plant Science, Month 2019, Vol. xx, No. xx 9
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exposure area. Some intriguing questions emerge that may deserve future studies, for example,
how is the coordination between chloroplasts and cell walls achieved during leaf development;
what is the role of the cell wall composition in the CO2 diffusion; and if the thicker cell walls
translate into increased stress tolerance in the plants with lower Amax [99,100]. In addition,
the balanced coregulation of the three photosynthetic limiting factors in angiosperms suggests
that it might be very difficult to improve maximum leaf photosynthesis in these plants, including
crops; improvements in just one or two of them will directly force the nonimproved factor
to limit maximal photosynthesis. Thus, future breeding strategies to significantly increase
Amax should coordinate improvements in all the limiting factors, from the CO2 diffusive
limitations, the stomatal and mesophyll conductances, to the photobiochemistry. Clearly,
other strategies like optimizing canopy light saturation, increasing the velocity of photosynthe-
sis recovery after photoprotective stages, speeding up stomatal kinetics to environment,
selection for increased daily carbon gain, or improving photosynthesis of nongreen leaf organs
[98,101–104] are likely to be more feasible in improving crop photosynthesis in the near future
(see Outstanding Questions).
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